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Summary
Background: Understanding the tissue-specific molecular cross-talk mechanism during the mos-
quito—parasite interaction is of prime importance in the design of new strategies for malaria
control. Because mosquito salivary glands are the final destination for the parasite maturation
and transmission of vector-borne diseases, identification and characterization of salivary genes
and their products are equally important in order to access their effect on the infectivity of the
parasite. During the last five years there have been several studies on the sialomes of Anopheles
mosquitoes, however very limited information is available on the changes in the salivary gland
transcriptome in the presence of Plasmodium, and this information is limited to the mosquito
Anopheles gambiae.
Methods: In this study we aimed to explore and identify parasite-induced transcripts from the
salivary glands of Anopheles stephensi, using a subtractive hybridization protocol.
Results: Ninety-four percent of expressed sequence tags (ESTs) showed close homology to
previously known families ofmosquito salivary gland secretary proteins, representing the induced
expression of alternative splicing and/or additional new members of the protein family. The
remaining 6% of ESTs did not yield significant homology to any known proteins in the non-
redundant database and thus may represent a class of unknown/novel salivary proteins. Primary
analysis of the ESTs also revealed identification of several novel immune-related transcripts,
including defensin and cecropins, probably involved in counter-activation of the antagonistic
defense system. A comprehensive description of each family of proteins has been discussed in
relation to the tissue-specific mosquito—parasite interaction.
* Corresponding author. Current address: Laboratory of Malaria and Vector Research, National Institute of Allergy and Infectious Diseases,
National Institute of Health, Rockville, MD 20852, USA. Tel.: +1 301 435 3182; fax: +1 301 480 1337.
E-mail address: dixit2k@yahoo.com (R. Dixit).
1201-9712/$36.00 # 2008 International Society for Infectious Diseases. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijid.2008.07.027
Conclusion: This is the first report on the identification of new putative salivary genes, pre-
sumably activated during parasite infection.
# 2008 International Society for Infectious Diseases. Published by Elsevier Ltd. All rights reserved.
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Mosquito-borne diseases including malaria, dengue, Japa-
nese encephalitis, yellow fever, and filariasis, remain a
major health problem in humans and the veterinary sector.
Among these diseases, malaria alone affects more than
200 million people worldwide, with 1.5 million deaths,
annually.1 This disease is caused by the Plasmodium para-
site transmitted by obligatory blood sucking anopheline
mosquito species. During its complex life cycle in the
mosquito, the Plasmodium parasite undergoes several
developmental transitions, traverse the midgut and salivary
gland epithelia, and withstand the host’s immune
response.2 Several studies have shown that parasite block-
age can occur during passage through the midgut3,4 or the
salivary glands,5 leading to the possibility of designing new
strategies for malaria control.6
Mosquito saliva and salivary glands are central to the
interaction between the parasite, vector, and mammalian
host.7 The salivary glands and their diversified gene pro-
ducts are essential in overcoming the challenges posed
during blood feeding and parasite transmission. There is
convincing evidence that the pharmacological activity of
arthropod salivary gland molecules affects pathogen trans-
mission, e.g., salivary gland lysate from the sandfly Lutzo-
myia longipalpis facilitates the infection of mice by the
protozoan parasite Leishmania major.8 During the last five
years there have been several studies on the sialome of
Anopheles mosquitoes,9—13 however, very little work has
been done on the changes in the salivary gland transcrip-
tome and/or proteome in the presence of Plasmodium, and
this too has been limited to the mosquito Anopheles gam-
biae.14,15
Anopheles stephensi is an important vector of human
malaria throughout the Middle East and South Asia regions,
including Indo-Pakistan, and belongs to the same (Celia)
subgenus as the most efficient African vector A. gambiae.16
A. stephensi is susceptible to both human and rodent malaria
species such as Plasmodium berghei; for this reason it is
widely used as a laboratory model to study host—parasite
interaction biology. Recent gene discovery projects based on
subtraction cDNA libraries have identified numerous new
transcripts of mosquito midgut origin that are crucial for
interactions between A. stephensi and P. berghei.17—19 How-
ever, to date no attempts have been made to study the
transcriptome of the A. stephensi salivary gland in the pre-
sence of the malaria parasite.
As a first step towards deriving information on the
transcriptional changes in the salivary glands during Plas-
modium infection, we generated and analyzed a small-scale
subtraction cDNA library from the salivary gland of the
mosquito A. stephensi. Remarkably, several new putative
genes were identified including immune responsive tran-
scripts and others with unknown function, which may play
an important role in parasite transmission. Together, a setof A. stephensi salivary expressed sequence tags (ESTs) and
the Plasmodium genome currently available may provide
additional tools for the comprehensive analysis of mole-
cules that may play an active role in the transmission of
malaria.
Materials and methods
Mosquito infection
A. stephensi mosquitoes were fed on P. berghei-infected
mice and maintained at 21 8C. Sporozoite numbers of 10—
15 salivary glands dissected on day 15 after an infectious
blood meal were counted to assess the infection.
Total RNA preparation and cDNA synthesis
Total RNA was extracted from 50 dissected salivary glands
using the TRIZOL reagent (Invitrogen) and treated with
RNase-free DNase I to remove any genomic DNA contamina-
tion. DNase-treated total RNA (approximately 1 mg) was then
reverse-transcribed, and the quality of cDNA synthesis was
assessed using ribosomal protein S7 gene-specific primers as
described previously.20 Single-stranded cDNAs (ss-cDNAs)
were amplified to make double-stranded cDNA (ds-cDNA)
through a PCR-based protocol using SMART cDNA synthesis
kit (catalogue No. 634902; BD Clontech, Palo Alto, CA, USA)
following the manufacturer’s instructions.
Construction of the subtracted cDNA library
To generate a subtracted cDNA library, a suppression sub-
tractive hybridization protocol was performed using the PCR-
Select cDNA subtraction kit (catalogue No. 637401; BD Clon-
tech), following the manufacturer’s protocol. Briefly, 1 mg
total RNA from infected salivary glands (tester) and unin-
fected/control (driver) were used to prepare ds-cDNAs as
described above. Then ds-cDNA was purified and digested
with RSaI enzyme. The tester cDNA was divided into two
aliquots, each of which was ligated to one of two different
adaptors, adaptor 1 or 2R. Both adaptor-ligated samples
were denatured at 98 8C for 90 s and then hybridized at
68 8C for 8 h with an excess of driver cDNA. These two
primary hybridized samples were mixed together without
denaturing, and fresh denatured driver cDNA was added to
further enrich differentially expressed genes by hybridizing
at 68 8C for 10 h. The entire population of cDNAmolecule was
then subjected to two rounds of suppression PCR for selective
amplification of the differential transcripts. The resulting
secondary PCR products were cloned into pGEM-T vector
(Promega) and transformed to Escherichia coli (DH5a) com-
petent cells. The cloned inserts were PCR-amplified using
vector-specific M13 primers and sequenced with M13F primer
in an ABI3730 sequencer.
638 R. Dixit et al.Bioinformatic analysis of the databases
Each individual sequence chromatogramwas examinedmanu-
ally. Vector- and end-specific low quality sequences were
removed computationally from all sequences, using vector
database-specific BLAST. Then each individual sequence
(FASTA FORMAT) was searched against non-redundant and
other EST databases available at the National Center for
Biotechnology and Information (NCBI) using BLASTN and
BLASTX algorithms. ESTs were assembled into contigs using
CAP assembly program (BioEdit, version 7.0.8). Based on the
predicted function of the homologous protein and significant
BLASTX similarities, contigs were grouped into a relative
family of salivary proteins. Sequences with no significant
BLASTX similarity were grouped based on their BLASTN simila-
rities. ClustalX and GenDoc software were used for multiple
sequence alignment and sequence identity analysis. All ESTs
have been submitted to the NCBI GenBank (accession numbers
EL595671 to EL595866) for public domain use.
Results and discussion
Primary characterization of the subtractive cDNA
library
A subtractive hybridization protocol was performed to iden-
tify A. stephensi genes that are expressed in salivary glands in
response to P. berghei sporozoite invasion. The blood-fed
salivary gland ds-cDNAs were subtracted from the cDNAs of
sporozoite-infected salivary glands using a PCR-based sub-
tractive hybridization protocol. To minimize the risk of PCR
artifacts, we optimized the PCR cycle numbers to a minimum
to amplify initial cDNA populations. We were unable to see
any amplification of the RpS7 gene in subtracted cDNA pools
as compared to non-subtracted cDNA samples, even after 40
PCR cycles, indicating a significant depletion of the common
transcripts and enrichment of rare transcripts. A total of
approximately 106 primary clones were obtained for the
subtracted cDNA library. About 210 randomly selected posi-
tive recombinant clones (white colonies) were subjected to
high throughput sequencing and nearly 197 good quality
sequences were recovered. These sequences were further
analyzed to generate an EST catalogue for salivary gland-
specific genes presumably activated in response to parasite
infection. Table 1 shows the primary features of the subtrac-
tion cDNA library.Table 1 Characteristics of the subtraction cDNA library.
Total number of positive recombinant clones
sequenced
210
Good quality ESTs analyzed 197
Total number of clusters assembled 19
Singletons/unassembled sequences 13
ESTs homologous to known anopheline
salivary gland proteins
88%
New ESTs of salivary gland origin related
to immunity
5.5%
ESTs with ribosomal protein origin 0.5%
ESTs with parasite origin 0.5%
ESTs with unknown function 6%Description of the mosquito salivary
transcriptome
All ESTs could be assembled into 32 contigs, out of which 13
sequences remained unassembled and grouped as singleton.
Most of these (88%) sequences showed highest homology to
previously known salivary gland sequences of the anopheline
mosquito. However, of the remaining 12% of sequences, 6%
ESTs showed homology to immune-related genes and 6% ESTs
did not yield significant similarity to any known protein
sequences in the database, and may represent a class of
new ESTs. With this information, the assembled contigs were
assigned putative functions based on close relatedness to a
family of known proteins in the available database (Table 2).
Further, based on bioinformatics and comparative analysis, a
comprehensive description was presented for the individual
family of salivary gland proteins.
D7-related proteins
The D7 family of salivary proteins is expressed abundantly in
the blood feeding Diptera and is known to be distantly related
to the odorant-binding protein super-family. In mosquitoes,
two sub-families have been recognized, a short family having
a molecular mass of 15—30 kDa and a long family of 27—30
kDa.21 Earlier studies analyzing mosquito salivary proteins
using sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE) and Edman degradation, have also
revealed that the culicine and aedine mosquitoes have high
expression of the long form, whereas anophelines have a poor
expression of the long form and abundant expression of the
short form.22 Consistent with these studies, we observed a
high abundance of ESTs (65 ESTs in total) belonging to the D7
family of proteins. Out of these, only one contig (contig_32
with one EST) was homologous to the long form of D7 protein,
while the remaining 64 ESTs, assembled in six different
contigs, belonged to the short form of D7 family proteins.10
Table 2 shows the seven contigs coding for proteins of the D7
family. Three contigs showed 100% identity to the reported
D7 family proteins, while the other four contigs showed 94—
97% identity and thus may represent either allelic splicing
variants or additional putative members of the D7 family
proteins in A. stephensi; these require further analysis.
Some of the D7-related proteins have been associated
with binding and probably scavenging of biogenic amines such
as serotonin, histamine, and norepinephrine, which could
antagonize vasoconstrictor, platelet-aggregation, and pain-
inducing properties.23 Recent analysis of the crystal structure
of one member, D7r4, suggests that the D7 fold consists of an
arrangement of eight alpha-helices that is stabilized by three
disulfide bonds, resulting in the formation of a ligand binding
pocket.24 Additionally, one short D7 protein from the mos-
quito A. stephensi, named hamadarin, has been shown to
prevent kallikrein activation by factor XIIa.25
Antithrombin-related proteins
Anophelin, a low molecular weight peptide, secreted in the
salivary glands of the anopheline mosquitoes, appears to play
a role in the inhibition of thrombin-induced platelet aggre-
gation during blood feeding. The first novel anophelin cDNA
Table 2 Molecular catalogue of salivary gland transcripts differentially induced in response to Plasmodium infection in Anopheles stephensi.
Contig Length EST/
contig
Best match to NR E-value BLASTX seq. ID % Identity Species Best match
to Pfam
E-value Comments
Contig_1 396 3 ENSANGP00000015621 4.00E40 gbjEAA05234.2 78 A. gambiae
str. PEST
Defensin_2 3.00E11 Cysteine-rich
antibacterial peptide
Contig_2 538 44 Short form D7clu5 salivary
protein
5.00E79 gbjAAL16045.1 97 A. stephensi PBP_GOBP 2.00E07 Odorant binding protein
Contig_3 403 12 Putative 19.1 kDa salivary
protein SG3
2.00E63 gbjAAO06833.1 97 A. stephensi AF-4 6.10E02 Cytoskeleton and
morphogenesis
Contig_4 363 11 Putative salivary protein
D7B
2.00E46 gbjAAO06831.1 100 A. stephensi PBP_GOBP 4.60E01 Odorant binding protein
Contig_5 431 18 Salivary anti-thrombin
anophelin
4.00E32 gbjAAO06834.1 98 A. stephensi BAP 2.90E03 Basal layer antifungal
peptide
Contig_6 248 30 Salivary anti-thrombin
anophelin
4.00E13 gbjAAO06834.1 97 A. stephensi TT_ORF1 1.20E01 TT-viral ORF1/hepatitis
etiology
Contig_7 256 1 Unknown Cnd1 6.40E01 1,3-beta-glucan synthase
component
Contig_8 309 5 Putative salivary protein SG2B 6.00E21 gbjAAO06827.1 98 A. stephensi Pyridoxal_deC 3.30E01 Carboxylic acid
metabolism
Contig_9 481 7 Putative salivary protein SG2B 1.00E63 gbjAAO06827.1 97 A. stephensi CD2 2.00E03 Proline-rich sequence
recognition
Contig_10 435 4 ENSANGP00000011018 5.00E39 gbjEAA05902.2 94 A. gambiae
str. PEST
Ribosomal_L9 5.00E12 Structural constituent
of ribosome
Contig_11 281 1 Unknown DAG1 1.00E+00 Dystrophin-associated
glycoprotein
Contig_12 415 23 gSG6 salivary gland protein
precursor
3.00E55 gbjAAO74842.1 100 A. stephensi NS - -
Contig_13 135 2 Unknown NS - -
Contig_14 123 2 Unknown UPF0240 1.70E+00 Unknown function
Contig_15 170 1 ENSANGP00000011995 1.30E01 gbjEAA06859.2 94 A. gambiae
str. PEST
CbiX 7.00E01 Cobaltochelatase
activity
Contig_16 360 5 Putative 19.1 kDa salivary
protein SG3
6.00E39 gbjAAO06833.1 98 A. stephensi Mucin 4.00E09 Host—parasite
interaction/ invasion
Contig_17 371 1 Putative salivary protein hyp12 2.00E44 gbjAAO06820.1 96 A. stephensi MCM 8.30E02 DNA-dependent ATPases
Contig_18 182 5 Anti-platelet aggregation protein 1.00E06 dbjjBAE53440.1 100 A. stephensi UPF0120 1.00E02 Ribosome nucleus export
Contig_19 275 1 Putative salivary protein gSG7 4.00E41 gbjAAO06828.1 96 A. stephensi DiHfolate_red 4.00E03 Nucleotide biosynthesis
Contig_20 179 4 Short form D7 salivary protein 2.00E28 gbjAAL16042.1 100 A. stephensi PBP_GOBP 2.00E04 Odorant binding protein
Contig_21 255 2 Short form D7 salivary protein 2.00E22 gbjAAL16042.1 94 A. stephensi DUF457 1.00E01 Predicted trans-membrane
protein
Contig_22 101 2 Putative salivary protein D7B 2.00E10 gbjAAO06831.1 100 A. stephensi PAD 3.30E+00 Protein arginine deiminase
Contig_23 475 2 GE-rich salivary gland protein
precursor
8.00E79 gbjAAO74840.1 89 A. stephensi FAP 2.00E10 Fibronectin attachment
protein
Contig_24 196 3 Unknown WzyE 7.00E02 Unknown function
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640 R. Dixit et al.was cloned and characterized from the salivary glands of the
mosquito Anopheles albimanus.26 One member of the ano-
phelin family of proteins from A. stephensi has also been
reported on the NCBI database and has a similarity to A.
gambiae putative protein sequences cE5 and F1.27 Table 2
shows the identification of an additional two putative mem-
bers (two contigs from 48 total transcripts) of the anophelin
family of proteins with close similarities to the previously
reported anophelin protein in A. stephensi. Interestingly, a
Pfam database search showed that one of the anophelin
contigs (contig_5) codes a protein carrying the basal anti-
fungal protein (BAP) domain, known to exhibit potent broad-
range activity against a range of filamentous fungi in plants.28
Therefore, it will be interesting to verify whether anophelin
peptides from old world mosquitoes have the same affinity to
thrombin as A. albimanus anophelin,29 or have some addi-
tional role during parasite infection.
Putative immunity-related proteins
Although the exact biological processes implicated in the
mosquito response to the presence of parasite are still largely
unknown, an understanding of the mechanisms involved in
vector—parasite interactions and the means by which para-
sites avoid the defensive response of the host is essential for
the design of new strategies to control vector-borne dis-
eases.30 Recent studies have suggested that several putative
immune responsive marker genes, including small antimicro-
bial peptides (AMPs) like gambicin, defensins, and cecropins,
presumably involved in immune surveillance, are activated in
the midgut and salivary glands of the mosquito A. gambiae
upon parasite infection.31,32 In the case ofA. stephensi, so far
no any antimicrobial immune genes have been described.
Although we have recently reported lysozyme activity in the
salivary glands,33 and a putative cDNA has also been identi-
fied in the sialome of themosquito A. stephensi,10 whether or
not lysozyme plays a role in digestion and/or immunity is still
disputed.34,35 In the present study, during BLASTX analysis,
we recognized two novel ESTs encoding defensin- and cecro-
pin-like peptides that appear to respond to the Plasmodium
infection.
Defensin
Contig_1, with three identical cDNA sequences, showed 78%
similarity to A. gambiae defensin. Subsequent analysis recog-
nized it as full-length (396 bp) carrying a 291-bp long open
reading frame (ORF), with 45 bp 50 UTR and 60 bp long 30 UTR
sequences. Using SignalIP 3.0 online software and compara-
tive analysis, we predicted three distinct regions: 24 residues
of signal peptide, 32 residues of prodefensin, and 40 residues
of mature defensin from the deduced amino acid sequence of
A. stephensi defensin; 96 residues in total, encoding a pro-
tein with similarity to the antimicrobial peptide of the
mosquito defensin family. In A. gambiae, in vitro assessment
of the antiparasitic activities of defensin strongly suggests
their important role in the immune defense against Plasmo-
dium; however, the actual effect of defensin in antimalarial
defense is still disputed.36,37 A detailed sequence alignment
analysis also showed significant diversity in the signal peptide
and prodefensin region, where amino acid substitution,
insertion, and deletions were seen amongst the different
isoforms of different species of insects in comparison to
Figure 1 Clustal alignment of known mosquito defensins. Highly conserved and similar residues are shown in dark black and gray,
respectively. The pre- and pro-regions of defensin are shown by the double-headed arrows, while themature region is shown by a single
dark line. The open circles mark the cysteine residues, while identical residues are marked with an asterisk. Species names include:
Aara: Anopheles arabiensis; Agam: Anopheles gambiae; Aagy: Aedes aegypti; Aalb: Aedes albopictus.
Salivary gland transcriptome, Anopheles stephensi 641mature functional defensin of these species (Figure 1).
However, whether this variation affects the mosquito’s
susceptibility to the microbial infections remains to be elu-
cidated.38,39
Cecropin
Another two contigs (contig_15 and contig_29; singleton),
encode proteins similar to the predicted A. gambiae cecropin
(ENSANGP00000011995). Cecropins are a family of inducible
antibacterial peptides of 4 kDa, devoid of cysteine residues,
constituted of two a-helices linked by a short hinge, with a
strong basic N-terminal region and a long hydrophobic
domain in the C-terminal half. Cecropins integrate into
the bacterial cell membrane and cause lysis and cell death
by the loss of cations.40 Cecropins have been characterized
from diverse insects including mosquitoes.41,42 In A. gam-
biae, the cecropin gene family are clustered on X chromo-
somes.43 The expression of one member of this family, CEC1,
is induced by Plasmodium as well as by bacterial infections,
and over-expression of CEC1 in a transgenic mosquito line has
been observed to reduce the number of oocysts developing in
the midgut of A. gambiae.44 Multiple amino acid sequence
analysis of one of the larger A. stephensi salivary cecropins
showed a higher degree of conservation towards the C-ter-
mini among all aligned sequences (Figure 2). However,
whether this protein plays any role during Plasmodium inva-
sion and development in the salivary gland needs further
study.
In mosquito A. gambiae both defensin (DEF1) and cecropin
(CEC2) display stronger responses at the onset of the salivary
gland invasion.14 The A. stephensi salivary defensin and
cecropin immune proteins that were enriched during the
subtraction protocol, which appear to be induced due to
parasite infection to delimit the toxic effect of infection
stress, should be further investigated.Figure 2 Clustal alignment of the knownmosquito cecropins. Speci
Ae.alb: Aedes albopictus; Ae.agy: Aedes aegypti; A.gam: AnopheleGE-rich proteins
This class of protein family has been recognized as highly
immunogenic in nature and belongs to one of the most
abundant classes of mRNA expressed in glands of different
mosquito species.45,46 The predicted protein molecular
weight of this family varies from 30 to 35 kDa with a high
content of glycine and glutamine amino acids, hence the
term GE-rich proteins. In A. stephensi two contigs have been
described that code for GE-rich proteins. In the present
study, BLASTX analysis of two independent contigs (contig_18
with five ESTs and contig_23 with two ESTs) showed the
closest homology to the GE-rich family of salivary proteins
of anopheline mosquitoes. Multiple sequence alignment of
the deduced amino acid sequence of the longest ESTshowed a
higher degree of conservation towards the C-terminal as
compared to the N-terminal and 89% shared identity with
the previously described A. stephensi ortholog (Figure 3).
Although, the specific function of the GE-rich proteins in
blood feeding insects remains to be determined, their high
quantity and acidic nature suggests some kind of role in
binding, neutralizing, and/or lubrication, rather than any
catalytic function associated with enzyme. A member of this
protein family, named aegyptin, has recently been isolated
from the salivary glands of the mosquito Aedes aegypti,
which specifically binds to the glycoproteins VI and prevents
collagen interactions and thus inhibits platelet aggregation
during blood feeding.47
Interestingly, a Pfam database search analysis showed
that GE-rich family proteins may also contain the fibronec-
tin-attachment protein (FAP) domain, rich in alanine and
proline, and a fibronectin-binding motif that binds to fibro-
nectin in the extracellular matrix (Table 2). These family
members seem to be restricted to Mycobacterium spp and
play an important role in attachment and invasion of epithe-es names include: A.s: Anopheles stephensi; C.pip: Culex pipiens;
s gambiae.
Figure 3 Clustal alignment of mosquito salivary gland GE-rich family proteins showing a high degree of conservation towards the C-
terminus. Species names include: A.s: Anopheles stephensi; Afun: Anopheles funestus; Aalb: Anopheles albimanus; Adirus: Anopheles
dirus; Ae_al: Aedes albopictus.
642 R. Dixit et al.lial cells in ruminants during the development of Johne’s
disease.48 Therefore, it is important to determine their role
in the cellular attachment and/or protein interaction with
intracellular proteins during invasion of the salivary glands.
The SG family proteins
This family of proteins was first described in A. gambiae
(termed SG or gSG proteins),49 and does not yield significant
similarities to other proteins in the database, except among
its own members. The biological function of these proteins is
still completely unknown; however their distribution is
restricted to anopheline mosquito species and they are
abundantly expressed in the female salivary glands, indicat-
ing that they have some distinctive properties to carry out
some highly specialized function in the salivary glands; this
function needs to be elucidated.
SG2 family proteins
In A. stephensi, two genes code for glycine SG2a- and proline-
rich proteins SG2b-related proteins. We identified two con-
tigs (contig_8 with five ESTs and contig_9 with seven ESTs)
that share 94—96% identity to the previously known salivary
SG2 proteins.10 Their glycine-rich composition is reminiscent
of some antimicrobial peptides.50
An alignment of 10 sequences shows that A. stephensi SG2
family proteins share an overall 61% identity, and A. gambiae
SG2a acquires an additional 30-aa insertion which separates
the members of A. gambiae into two independent clusters in
the phylogram (Figure 4). A. stephensi family members show
the closest homology to the SG2b orthologs, suggesting thatonly A. gambiae have two class members in their salivary
glands.
SG6 family proteins
The gSG6 peptide was first described in A. gambiae49 and
found to be a unique protein coding sequence for a mature
peptide of approximately 10 kDa. The spacing of the 10-
cysteine residue is unique to this family, as a BLAST search
with the NR database shows homology to its own members
only and it is known to be expressed specifically in the adult
female salivary glands.12 One contig, contig_12 (with 23 ESTs)
yielded 100% identity to the previously known gSG6 family
proteins. Although the function of this peptide is not known,
high representation of this class of ESTs even after an effec-
tive subtraction and Pfam search analysis suggests that it may
play an important role in connection to carbohydrate meta-
bolism and parasite development.
SG7 family proteins
Lastly, a 275-bp long contig_19 (singleton) showed higher
similarity to that of the previously known salivary gland
gSG7 family proteins. In A. gambiae two genes coding for this
unique salivary gland family of proteins are known. One mem-
ber of this family has also been reported inA. stephensi, which
shares 96% identity to the contig_19. The biological function of
this familyofproteins is still unknown.Recently anovelprotein
named anophensin has been described in the salivary gland of
A. stephensi, which appears to play an important role in the
attenuation of the host’s acute inflammatory response to
mosquito bites. Although the function of this protein is very
similar to thatof thepreviouslydescribedproteinhamadarin (a
Figure 4 Clustal alignment and phylogenetic analysis of the gSG2b family of proteins of anopheline mosquitoes. This family of
proteins is restricted to anopheline mosquitoes only (see text). A.s: Anopheles stephensi; A.f: Anopheles funestus; A.g: Anopheles
gambiae.
Salivary gland transcriptome, Anopheles stephensi 643member of the D7 family) involved in inhibiting bradykinin
release during blood feeding,25 anophensin lacks sequence
homologytohamadarin,and interestingly it sharesasignificant
similarity to that of the gSG7 family of proteins.51
Together with previous reports on the multiple alignment
and phylogenetic analysis of gSG7/anophensin protein family
members (Figure 5), this suggests that this family of proteins is
abundantly enriched in the salivary glands of anopheline
mosquitoes, and evolved to preserve their multi-dimensional
functions for the smooth and efficient uptake of a blood
meal.5119.1 kDa/mucin-related proteins
This family of proteins is characterized by a high degree of
amino acid conservation towards both N and C termini, as
compared to the central region, and contains a large number
of threonine- and serine-rich residues with a repeat of
TTTEEA in its C-terminal region, similar to the syndecan
Pfam domain of vertebrate mucins.52 Based on BLASTX ana-
lysis, two contigs (contig_3 and contig_16) clustered from 17
ESTs, showed the greatest similarities to the previously
known 19.1 kDa putative SG3 salivary protein of mosquito
Figure 5 Clustal alignment and phylogenetic analysis of the gSG7 family of proteins of anopheline mosquitoes. This family of proteins
is restricted to anopheline mosquitoes only (see text). A.s: Anopheles stephensi; A.f: Anopheles funestus; A.g: Anopheles gambiae.
644 R. Dixit et al.A. stephensi (AAO06833), a member of the mucin family of
proteins (Table 2). Although, the function of this family is not
known, indirect evidence suggests that these may encode
glycoproteins, may act as lubricants of salivary canals, and
may be involved in the interaction with and invasion of
mammalian host cells.53
Hypothetical salivary proteins
BLASTX analysis of two contigs (contig_17 and contig_30),
both singleton cDNA sequences, showed closest similarities
to the previously described salivary gland hypothetical pro-
teins hyp12 and hyp15, respectively. These families of pro-
teins are unique to the anophelines and do not yield
significant matches to any other known proteins in the NR
database.49 The function of these proteins is completelyFigure 6 Clustal alignment of insect rpL9 protein. A unique extensio
lipid attachment domains has been underlined with dots (see text).
Drosophila yakuba; D.pseu: Drosophila pseudoobscura; A.mel: Apis m
Ae_agy: Aedes aegypti; C.sono: Culicoides sonorensis.unknown, however identification of the additional contigs
of hyp15 represent either new and/or allelic variants of the
previously described hypothetical proteins in mosquito A.
stephensi (Table 2).
Unique ribosomal protein family
One contig (contig_10 with four ESTs) yielded a 94% similarity
to that of a predicted protein from the A. gambiae genome
(ENSANGP00000011018) and another insect ribosomal pro-
tein L9 (rpL9), while another singleton contig (contig_25)
encoding a ribosomal protein showed a 74% identity to the
rp28S family protein of mosquito A. gambiae. The deduced
amino acid sequence alignment analysis of both the proteins
with other known insect respective ribosomal proteins, indi-
cated a high degree of conservation throughout. Interest-n of 27 amino acids related to prokaryotic membrane lipoprotein
Species names include: D.mel: Drosophila melanogaster; D.yak:
ellifera; M.cori:Meladema coriacea; A.gam: Anopheles gambiae;
Salivary gland transcriptome, Anopheles stephensi 645ingly, a unique extension of 27 basic amino acids containing a
prokaryotic membrane lipoprotein lipid attachment-like
domain towards the C-terminal, was observed in salivary
rpL9 protein (Figure 6). In prokaryotes, membrane lipopro-
teins are synthesized as a precursor signal peptide, which is
cleaved by a specific lipoprotein signal peptidase (signal
peptidase II). The peptidase recognizes a conserved
sequence and cleaves at a cysteine residue to which a
glyceride-fatty acid lipid is attached.54
Although the ribosomal proteins belong to constitutively
expressed gene families, selective enrichment of rpL9-spe-
cific protein during the subtraction protocol suggests that
this may have some additional role during infection. For
example, in vertebrates it has been shown that a point
mutation in ribosomal protein rpL9 gives rise to immunodo-
minant CD4+ T cell-recognized tumor-specific antigens.55
Additionally, a homozygous deletion of rpL9 is known to be
lethal in Drosophila.56 Presumably, this membrane lipopro-
tein domain may play a role in electrostatic binding of the
parasite membrane during infection; however further
detailed analysis should be undertaken to confirm these
presumptions.
Unknown family proteins
Eight contigs representing 12 ESTs that code for proteins of
unknown function did not yield any significant matches to
known proteins, even when the low complexity filter of the
BLAST program was turned on (Table 2). In silico BLASTX
analysis with the A. gambiae genome also did not yield any
significant homology; these represent a novel class of salivary
gland family proteins that are specific to mosquito A. ste-
phensi.
Conclusions
After genome sequence availability for the mosquito A.
gambiae, large-scale EST projects are underway to identify
potential genes expressed in the different mosquito tissues.
Although, these EST projects are descriptive in nature, they
also generate hypotheses on the evolution of blood feeding in
general and in the discovery of novel genes that may play an
important role in malaria transmission. Here we have
described the salivary gland transcriptome of Plasmodium-
infected A. stephensi and compared it with those of other
mosquitoes and insects. Results indicate that salivary pro-
teins are under intense selection and can be used as robust
markers for closely related species. Roles are proposed for
some of the transcripts in relation to blood feeding and
Plasmodium development. Together with ongoing high
throughput proteomic and current genomic projects, this
should provide further insight into the understanding of
the molecular complexity of mosquito salivary glands.
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